We report the results of a survey of the H i environment of NGC 6946 in a search for gas-rich companions to the galaxy. Such gas-rich companions could include material left over from the galaxy assembly process which could persist into the current day around an isolated galaxy such as NGC 6946. NGC 6946 is proli cally forming stars, has a nuclear starburst, and has widespread high-velocity clouds associated with the disk. All of these features could be explained by the accretion of low mass H i clouds by NGC 6946. Our survey recovered two previously detected dwarf galaxies associated with NGC 6946, but otherwise found no signatures of interactions in the NGC 6946 system. The companions are small enough, and distant enough from NGC 6946 that they should have minimal e ect on the main galaxy. Some tidal debris may be expected due to interaction between the two dwarf galaxies, but none is observed. This could be because it is at low column densities, or because the dwarf galaxies are more separated than they appear on the sky. This study of the system suggests that the NGC 6946 is a gravitationally bound system with two dwarf galaxies in stable orbits about the larger primary galaxy.
INTRODUCTION
NGC 6946 is a nearby, late-type (Scd) spiral galaxy which is undergoing proli c star formation. Star formation in NGC 6946 is proceeding at a rate of 5 M yr ?1 (cf. Young et al. 1996) . In addition, NGC 6946 has a nuclear starburst (Engelbracht et al. 1996 , Turner & Ho 1983 . H i observations of NGC 6946 have found widespread high velocity gas across the optical disk, and in particular associated with star-forming regions (Kamphuis & Sancisi 1993) . Both optical and H i images of NGC 6946 clearly illustrate the strong spiral arms in the galaxy which are pronounced right to the edge of the H i disk. For all of this well-organized structure, and high level of star-forming related activity, NGC 6946 is classi ed as extremely isolated (Tully 1988) .
In the`Nearby Galaxies Catalog' (Tully 1988) , NGC 6946 was classi ed as being isolated with a local galaxy density of 0.07 Mpc ?1 . In other words, NGC 6946 should have no companions with MB < = -16 mag within 1.5 Mpc; a region larger than the Local Group. As such NGC 6946 has not undergone a major interaction which could trigger such widespread activity. One possible explanation is that NGC 6946 has accreted small clumps of gas ( < 0.1Mgalaxy) ? email: pisano@astro.wisc.edu in the recent past. Such a`minor merger' could enhance star formation in the disk (Zaritsky 1995) , and trigger nuclear activity (Hernquist & Mihos 1995) . The objects which could be accreted by NGC 6946 include low-mass dwarf galaxies, a population of HVCs, or remnants from a primordial reservoir of gas out of which NGC 6946 is still forming (e.g. Navarro & White 1994) . To constrain these possibilities we have surveyed the H i environment of NGC 6946 out to a radius of 170 kpc in a search for gas-rich companions to the galaxy.
Current models of cold dark matter galaxy formation suggest that spiral galaxies were built up via the accretion of smaller bodies in a hierarchical merging process (e.g., Navarro, Frenk, & White 1995) . These models also show that some material may be left over from the galaxy formation process and still remain outside of the primary galaxy. Such matter could be in the form of H i clouds, gas-rich dwarf galaxies, and/or HVCs. Because NGC 6946 is isolated, any H i detected around it is unlikely to be tidal debris, as there are no large galaxies nearby which could interact with it. Material around NGC 6946 could have been ejected through multiple supernovae; NGC 6946 has had 6 observed supernovae in the past century (Richter & Rosa 1988) , and an inferred rate of one per 5 years (cf. Heiles 1990 ). This supernova rate is su cient to explain the amount of kinetic energy c 2000 RAS in HVCs around NGC 6946 (Kamphuis & Sancisi 1993) . It is also possible that the HVCs observed in NGC 6946 could come from primordial material falling into NGC 6946 for the rst time, and not material ejected through a galactic fountain. In this case, we would expect to see a reservoir of gas out of which these HVCs originated. If there is no such reservoir then the origin of the HVCs of NGC 6946 is almost certainly explained by the galactic fountain model.
Searching for companions to NGC 6946 is not easy. Because of NGC 6946's low galactic latitude (b=11: 7), galactic extinction will obscure possible low surface brightness companions. The extinction is not too bad, however (AB=1.7 mag). Additionally, the low recession velocity of NGC 6946 (48 km s ?1 ) means that H i emission from NGC 6946 is partially confused by H i emission from the Milky Way. To compound the di culties in studying NGC 6946 the distance to the galaxy is extremely uncertain. Its low velocity suggests that it is not coupled to the Hubble ow, and distance estimates for NGC 6946 range from 5{10 Mpc. For this paper we have simply adopted the median distance to NGC 6946 of 7.5 Mpc. In spite of the di culties, the regions around NGC 6946 have been reasonably well surveyed. Huchtmeier, Karachentsev, & Karachentseva (1997) used the E elsberg 100-m radiotelescope to make pointed observations of di use objects from the Palomar Sky Survey plates, and discovered 3 dwarf galaxies around NGC 6946: UGC 11583, L149, and L150. In addition, the Dwingeloo Obscured Galaxies Survey (Rivers, Henning, Kraan{Korteweg 1999) surveyed the galactic plane near NGC 6946. Multiple sources were detected which could be part of a larger NGC 6946 group, but all are at reasonably large separations from NGC 6946.
In this paper we present the results of our survey for companions around NGC 6946, the properties of those companions, and the potential e ects of those companions on the properties of NGC 6946.
OBSERVATIONS AND REDUCTIONS
Observations were made with the Dominion Radio Astrophysical Observatory (DRAO) Synthesis Telescope (ST) at Penticton (Canada). This instrument consists of seven 9-m radio antennae on an east-west line with a maximum spacing of 600-m. For a more detailed description of the telescope see Landecker et al. (2000) . Observations with the ST were made during the rst semester of 1998 by the sta of DRAO. A`complete survey' of NGC 6946 was made by combining observations from 12 di erent con gurations, with each conguration making a full 12 hour observation of the eld. The resulting visibility data are edited and calibrated by the observatory sta , who also produce the initial raw data cube.
To set the ux scale of the data, we compare the uxes of continuum sources in the data cube with those in a`matched continuum' map produced by the observatory sta . This`matched continuum' is from a continuum channel away from the line emission and has better determined uxes than the line data. Examining continuum sources in the line-free regions of the data cube show that the continuum is at across the bandwidth to within 1 per cent. The continuum subtracted data cube was produced by scaling the data cube to match the continuum source uxes and then subtracting the`matched continuum' map from the data cube. This is the standard procedure for continuum subtraction of DRAO ST data. Because of the dense sampling of the uv-plane by the ST, the sidelobe level is quite low ( < = 4%). This fact combined with the relatively low dynamic range of the data means that CLEANing is unnecessary, according to the DRAO ST user manual.
The resulting data have a beamsize of 69 x 60 arcsec, over a eld of view of 2: 5. At our adopted distance for NGC 6946 (D=7.5 Mpc), this corresponds to a resolution of 2.5 x 2.2 kpc over a eld of view of 330 kpc. The data cube covers a total bandwidth of 4 MHz (845 km s ?1 ) with 256 channels, the channel spacing is 3.3 km s ?1 , while the channel size is 5.28 km s ?1 . The 1 sensitivity of the data was 1.4 10 19 cm ?2 . There was Milky Way H i emission between 10 km s ?1 and 60 km s ?1 , which we blanked out by hand based on the apparent structure of the galaxy. Using this blanked data cube, we produced moment 0 (total intensity) and moment 1 (velocity eld) maps. The blanked data cube and the moment 0 and 1 maps were used for the analysis.
3 ANALYSIS 3.1 Companions to NGC 6946. Figure 1 shows a total intensity map and velocity eld of NGC 6946 and its environment out to a radius of 170 kpc. It is immediately obvious that NGC 6946 has two gas-rich companions to the northwest of the main galaxy, a close up of which is shown in Fig. 2 . The velocity eld of the system shows that these objects have a small velocity separation to NGC 6946, and are not confused with Galactic H i emission at all. Based on their velocities and their position on the sky, these objects were identi ed (from east to west) as L149 and UGC 11583 as discovered by Huchtmeier et al. (1997) . The third companion that they found, L150, was not recovered in our observations. The cited position of L150 is about 24 arcminutes northeast of UGC 11583, well within the half power beam width of the DRAO telescope, but with an H i ux low enough to make it hard for us to detect (Huchtmeier et al. 1997 ). H i spectra of L149 & UGC 11583 are shown in Fig. 3 . The H i properties of these companions are shown in Table 1 . Table 1 makes it obvious that L149 and UGC 11583 are very small (in extent and mass), extremely gas-rich dwarf galaxies. They are both dominated by dark matter, as evidenced by their high Mtot to LB and MH i to LB ratios. The former ratio is comparable to Local Group dwarf galaxies of similar luminosities for both UGC 11583 and L149. The latter ratio is much higher than those of Local Group dwarf galaxies of the same luminosity, aside from Fornax and SagDIG which are comparable to L149 (Mateo 1998) . Uncertainties in the former ratio are due to beam smearing a ecting the determination of the extent of the companions. This e ect is no greater that a 50% a ect in the total mass and, hence, the ratio. The isovelocity contours in Fig. 2 make it evident that these companions are rotating in near solidbody rotation. UGC 11583 appears to be highly inclined, while L149 appear only moderately so. They are obviously quite low surface brightness objects as seen in the optical image in Fig. 3 No other dwarf galaxies were detected around NGC 6946 out to a radius of 160 kpc. Out to a similar distance around the Milky Way there are nine galaxies, including the LMC and SMC (Mateo 1998) . Of these nine, only three: the LMC, SMC, and Sculptor, if around NGC 6946, would have detectable in H i by our survey. As such, we do not expect there to be a large number of gas-rich dwarf galaxies around NGC 6946. The results of our survey and that of Huchtmeier et al. (1997) show that there are only 2-3 gas-rich companions within 100 kpc of NGC 6946.
Interactions in the NGC 6946 system.
Aside from the two gas-rich dwarf companions we detected around NGC 6946, there is no other evidence for H i emission associated with this system. We did not nd tidal debris associated with a recent interaction, nor did we detect a population of HVCs near NGC 6946. Our lack of detections may be due, however, to our relatively poor column density sensitivity. 
where Mpert is the mass of the companion, Mgal is the mass of the primary galaxy, Rsep is the separation of the centres of the companion and the galaxy, and Rgalaxy is the radius of the galaxy in the same units as the separation (Dahari 1984 , Salo 1991 . For the interaction of the dwarf galaxies with NGC 6946, QD 10 ?4 , which is orders of magnitude weaker than interactions able to trigger nuclear activity (Hernquist & Mihos 1995) . This interaction is much too weak to have any such e ect. Even the interaction between L149 and UGC 11583 only has a QD 0.01. This interaction may be strong enough to produce some e ects, but none are currently noticeable. Such signatures should be present from the latter interaction, as the radius at which material will remain bound to one galaxy is much larger than the separation between the two. This radius is found by calculating the Jacobi limit (or tidal radius):
(2) where D is the separation between galaxies, m is the mass of the companion, and M is the mass of the galaxy in question (eqn. 7-84, Binney & Tremaine 1987) . This implies either that the interaction between L149 and UGC 11583 is extremely weak and does not disturb the two galaxies at all, or that they have a much larger true separation than project separation. The latter is probably most likely. All interaction parameters are listed in table 2.
Perhaps, as L149 and UGC 11583 spiral closer to NGC 6946, they may have more e ect on the galaxy? We can calculate the dynamical friction time-scale using formulas 7-26 & 7-13b from Binney & Tremaine (1987) : values are tabulated in table 2. A quick glance at the dynamical friction time-scale for UGC 11583 and L149, show that these two galaxies are in extremely stable orbits (provided they are gravitationally bound to NGC 6946), and, depending on the measure of stability used, will take well over a Hubble time, or at least a signi cant fraction of one to get anywhere close to NGC 6946. For the above calculations we have used the projected radial and velocity separations, but how do we know that these are close to the true separations in the system? Using the projected separations (given in table 2), we have calculated dynamical mass enclosed by the satellites using the formula: Menc= RV 2 G . From this formula we nd that the enclosed mass must be at least 5 10 10 M . If we assume that L149 and UGC 11583 are in circular orbits in the plane of NGC 6946 (using the orientation and dynamical parameters from Carignan et al. 1990 ), the enclosed mass from these two satellites is higher with Menc 10 12 M . Based on the calculated total mass of NGC 6946 from Carignan et al. (1990) , Mtot=1.2 10 11 M , it is evident that must lie in orbits that are at least partially inclined with respect to our line of sight. In addition, because the minimum enclosed mass (from the projected values) is close to the dynamical mass of NGC 6946, it is quite likely that this system is gravitationally bound.
CONCLUSIONS
We have recovered two companions, L149 and UGC 11583, in an H i survey of the environment of NGC 6946. These two companions have low H i masses, small radial extents, and are quite low surface brightness objects. They have small rotational velocities and are quite obviously dark matter dominated. Due to their large separations from NGC 6946, and their small masses, they are in very stable orbits with dynamical friction times much larger than a Hubble time. In addition, they are undergoing a very weak interaction with NGC 6946 right now, and probably would not have a large e ect even when much closer to the main galaxy. Thus the cause of the proli c star formation throughout NGC 6946, and its nuclear starburst, is not these two dwarf galaxies.
Our survey, which had a relatively low column density sensitivity, detected no signs of H i clouds around the disk of NGC 6946, other than the two dwarf galaxies mentioned above. There was no apparent gaseous reservoir from which the HVCs associated with NGC 6946 originated. This suggests that the galactic fountain scenario for their origin is the most probable (Kamphuis & Sancisi 1993 , Wakker & van Woerden 1997 .
On the surface, the NGC 6946 system bears some resemblance to our own Milky Way-LMC-SMC system. One large galaxy having two, close, orbiting companions. However, L149 and UGC 11583 are much less massive, both in H i and total mass, than the Magellanic clouds (Westerlund 1990) . Comparatively L149 and UGC 11583 are roughly the same number of galactic radii away from NGC 6946 as the Magellanic clouds are from the Milky Way. NGC 6946's companions are a 3-6 times less massive than the LMC and SMC in H i , and have up to 20 times less total mass. The relative strength of the interaction is also higher for the Magellanic clouds on the Milky Way, than for L149 and UGC 11583 on NGC 6946. Even if L149 and UGC 11583 were closer to NGC 6946 in the past, we see no signatures for such an interaction in the form of a`Magellanic Stream' in this system. Such a stream may be at too low a column density for us to detect, or the dwarf galaxies may have a larger true separation than projected separation. In addition tidal debris around NGC 6946 may be at velocities where it could be confused with Milky Way H i emission, and would not be distinguishable from the local gas. Overall, the relative numbers of gas-rich dwarf galaxies around NGC 6946 and the Milky Way are the same. In the case of NGC 6946, companions do not appear to play much, if any, role in that galaxy's evolution.
